The passage of small molecular substances through the walls of Staphylococcus aureus is reduced in presence of 95% ethanol, as well as solutions of aniline, dimethyl aniline and nitrobenzene in 95% ethanol. But these three solvents, unlike 95% ethanol alone, can extract dye from Gram-stained Staphylococcus aureus almost completely, indicating the inadequacy of the permeability theory of Gram staining.
The passage of small molecular substances through the walls of Staphylococcus aureus is reduced in presence of 95% ethanol, as well as solutions of aniline, dimethyl aniline and nitrobenzene in 95% ethanol. But these three solvents, unlike 95% ethanol alone, can extract dye from Gram-stained Staphylococcus aureus almost completely, indicating the inadequacy of the permeability theory of Gram staining.
It has been observed that, if iodine from Gram-stained Staphylococcus aureus is removed by thiosulphate, the retained dye can be extracted by 95% ethanol. However, if after thiosulphate treatment Staphylococcus aureus with the retained dye is treated with graded amounts of iodine, extractibility of the dye by 95% ethanol is progressively reduced. This supports the model proposed for the mechanism of Gram staining which involves retention of crystal violet by the cell component presumably by electrostatic bonds and formation of chargetransfer complex of crystal violet and iodine through pr-electrons. Stability of this cell component-dye-iodine complex towards 95% ethanol determines the Gram character of the cell.
Many theories have been put forward, both physical and chemical, to explain the mechanism of Gram staining since the report of this staining by GRAM (11). Not a single theory has been found to be sufficient to explain the retention of dye by the Gram-positive cells. The observations by BASU et. al. (3, 5 ) that removal of lipid from E. coli induces Gram-positivity in the Gram-negative cell suggest the importance of lipid in determining the Gram character.
But this did not explain the mechanism of retention of dye by the Gram-positive cells except for the implication that presence of much lipid could change the environment of the binding sites for dye in the cell or the permeability of the cell wall or membrane.
Many workers (BENIANS (6), BURKE and BARNES (7, 8) , KAPLAN and KAPLAN (13) , WENSINCK and BOEVE (22), BARTHOLOMEW et al. (1) , SALTON (17)) strongly supported the view that the permeability of cell membrane is the factor responsible for this Gram differentiation by 95% ethanol. The observation from the present study, that ethanolic solutions of aniline, dimethyl aniline and nitrobenzene 365 BASU, BISWAS AND PAL VOL. 15 though reduce the leakage of small molecules through S. aureus yet can extract the colour out of Gram-stained S, aureus, points to the inadequacy of the permeability theory. The purpose of the present communication is to report these findings which do not support the permeability theory and to further substantiate the chemical theory and the model proposed by BASU et al. (4) to explain the mechanism of dye retention of the Gram-positive cells. It has been observed that, if Gram-stained S, aureus is treated with sodium thiosulphate, the dye retained can be washed off by 95% ethanol. Also all the dye adsorbed by the cell can be extracted by ethanol if the dye was not fixed by treatment with iodine indicating that iodine plays an important role in the mechanism of retention of dye in Gram-staining. It has been proposed that iodine fixes the dye in the cell by forming charge-transfer complex with the dye bound in the cell. Treatment with insufficient iodine is expected to decrease the extent of fixing and consequently the degree of Gram-positivity which has actually been found to be the case.
MATERIALS AND METHODS
a) Cultivation and labelling of bacteria.
E, coli and S. aureus were cultivated and labelled with acetate-2-14C as described earlier (BASU et al., (3) . The 14C-labelled bacteria, after harvesting, were washed 4-5 times with water and suspended in distilled water. The incorporation of 14C in bacteria was determined by taking counts of 0.1 ml of a 0.05 mg/ml suspension. b) Staining. S. aureus was stained according to the method described by HUCKER and CONK (12) . For each experiment, the actual weight of bacteria was determined after drying an aliquot at 100°. c) Preparation of crystal violet-iodine complex (CVI2). The crystal violet (E. Merck) was purified by recrystallization from water and CVI2 complex was prepared as described earlier (BASU et al., (4) . d) Solubility of CVI2 complex in different solvents. In a number of glass-stoppered tubes 1 g CVI2 complex was distributed and 5 ml 95% ethanol, aniline, dimethyl aniline, nitrobenzene, benzene, toluene, xylol and 1:1 mixture of each of the solvents with 95% ethanol were pipetted separately to different sets of tubes.
The tubes with the contents were shaken vigorously for half an hour by a microid shaker. The solution of each tube was centrifuged at 8,000 xg for 10 min to eliminate the excess undissolved complex.
The supernatant was diluted suitably and estimated by measuring optical density at a suitable wave length and comparing with the standard graph obtained by plotting optical densities vs. concentrations in the respective solvents. The wave length selected for measuring optical densities was at the maximum absorption of crystal violet-iodine complex in the 1:1 mixture of the respective solvent with 95% ethanol. The wave lengths are 595 mp for 95% ethanol, as well as for the 1:1 mixtures of dimethyl aniline or benzene or tolulene or xylol with 95% ethanol ; 600 m, € for the nitrobenzene-ethanol mixture and 605 mp for the aniline-ethanol mixture. e) Extractibility o f small molecules from E. coli and S, aureus. In a number of test tubes, 10 ml of graded concentrations of ethanol ranging from 0 to 100% were distributed.
9.0 mg of '4C-labelled E. coli cells containing 16,380 cpm were added to each tube and stirred well. After 20 min the cells were centrifuged down at 8,000 X g for 10 min and the counts released in ethanol were determined.
In a similar way the counts released in 10 ml of 1:1 mixtures of aniline and 95% ethanol, dimethyl aniline and 95% ethanol or nitrobenzene and 95% ethanol were studied. The release of labelled molecules in the different solvents from 14C-labelled S. aureus was similarly determined.
For this, 11.0-11.2 mg S. aureus containing 13,440 cpm was used.
RESULTS a) Solubility of CVI2 in different solvents
Since the extractibility of dye from Gram-stained bacteria with different solvents has been found to be different (BASU et al., (4) it was thought pertinent to check the solubility of CVI2 complex in vitro quantitatively.
The solubility of CVI2 complex prepared as indicated in the method in different solvents was determined.
Crystal violet-iodine complex was found to be highly soluble in aniline, dimethyl aniline and nitrobenzene and also in 1:1 mixture of the solvents with 95% ethanol.
The complex is less soluble in the other solvents or their mixtures with 95% ethanol.
The comparative solubility of CVI2 in the solvent systems is shown in Table 1 . Benzene, toluene and xylol also extract the colour from Gram-stained cell, but incompletely. b) Extractibility of small molecules from E. eoli and S. aureus in di fferent concentrations o f ethanol and in other solvent systems
Since the dehydration of cell wall components during differentiation with 95% ethanol might reduce the pore size in the wall and render the dye-iodine complex relatively inaccessible to the solvent, it was thought worthwhile to study the effects of solvent systems on the permeability of small molecules through the membrane and wall.
In Fig. 1 it is shown that the release of labelled compounds from E, coli is much low in case of water, but gradually increases with the concentration of ethanol recording maximum at 80% and then decreases slightly at 100%L ethanol. Similarly in S. aureus the release of labelled compounds increases up to 60% ethanol and then decreases sharply at 100% ethanol.
In 100 ethanol the release of counts in the case of E. col i is nearly 4.5 times higher than that in the case of S. aureus. The comparative data on the release of labelled compounds in 1:1 mixture of each of the three solvents aniline, dimethyl aniline and nitrobenzene and 95% ethanol are given in Table 2 .
It is obvious that the release of 14C-labelled compounds from E. coli by 95% ethanol and the other solvents is 4-5 times higher than from S. aureu s AND PAL VOL. 15 auyeus. In each set 9.0 mg E. coli containing 16,380 cpm or 11.2 mg S. auyeus containing 13,440 cpm was used. Procedure was described in the method. Gram Staining 369
indicating that the wall of S. aureus is less "permeable" than that of E, coli in all these solvents. But this necessarily does not prevent extraction of dye from S, aureus by aniline, dimethyl-aniline and nitrobenzene (BASU et al. '4);. The release of 14C-compounds in the supernatants increases very rapidly with time and attains the plateau within 5-10 min. Treatment for 20 min was thought to be sufficient for complete release of the labelled compounds in the case of 95% ethanol and other solvent systems as well. c) Retention o f crystal violet in presence o f different quantities o f iodine f n order to study the effect of iodine on the retention, the excess of dye which is adsorbed but not retained has to be washed off. For this type of experiments after Gram staining S. aureus was differentiated with 95% ethanol, treated with 0.1 N sodium thiosulphate (0.5 ml thiosulphate per 50 mg bacteria), avoiding excess, to remove iodine and washed three times with water to make the supernatant free from thiosulphate. The coloured residue was suspended in water and divided in several equal parts, each part containing about 15 mg of the cells. From one portion the quantity of dye retained was estimated (control).
To the other set, solution of iodine in potassium iodide was added in graded amounts so that the iodine concentration varied from 0.02% to 1%. The coloured suspension of S. aureus was kept for 15 min in presence of iodine and then excess iodine was washed off with 10 ml of 95% ethanol a few times till colourless supernatant was obtained. The supernatant from each wash was pooled separately and the dye was estimated as mentioned earlier. The dye thus extracted by 95% ethanol was subtracted from the dye retained by the control and the difference gives the amounts of dye retained by the cell in presence of controlled amounts of iodine. The pertinent data are given in Table 3 . The retention of dye in S. aureus has been found to be increasing with the concentration of iodine after thiosulphate treatment and, at 0.25% iodine, 75% of the usual retention of Gram staining is recorded ; with 1 % iodine, which is generally used in Gram staining, the retention reaches to 80%. With 0.25%, the iodine available to the cells corresponds to 3.4 x 10-6 moles per mg. of bacteria. This has been found to be approximately of the same order of the maximum adsorption of iodine by S. auyeus without dye which is 5 X 10-s moles per mg of bacteria estimated from the adsorption of iodine by S. auyeus. A gradual increase in the retention of crystal violet from 24% to 80% has been obtained when compared to the normal retention.
DISCUSSION
BURKE and BARNES (8) first proposed that the Gram staining was due to differences in the cell wall permeability.
Further support for this has come from the works of KAPLAN and KAPLAN (13), BARTHOLOMEW et al.
(1) and SALTON (18) . The permeability theory is based on the idea that the passage of certain molecules across the walls of Gram-positive bacteria is impeded when they are suspended in higher concentrations of ethanol, whereas many of the Gram-negative bacteria are affected to a lesser degree. This suggests that the crystal violet-iodine complex is trapped inside the organisms when the permeability of the outer wall is decreased on treatment with concentration of ethanol exceeding 90% or the pore size of the wall of Gram positive bacteria is decreased by mordanting with iodine and dehydration with 95% ethanol, then the mechanical rupture or enzymatic removal of the wall after Gram staining should have rendered the complex accessible to extraction. This has been shown to be the case (WEBB (21), GERHARDT et al, (10), SCHERRER (19), STANIER et al. (20) , SALTON (18)). Thus the mechanism of Gram differentiation primarily involves the rate of permeation of dye.
was Table  3 . (2)).
The release of 32P-labelled compounds from a collection of Gram-positive and Gram-negative bacteria was studied by SALTON (17). The results yielded a spectrum of values from Gram-positive to Gram-negative bacteria. In the present studies the release of 14C-labelled compounds in different concentrations of ethanol is in agreement with the data presented by SALTON '17 ' . Similar to 95% ethanol alone, 1:1 ethanolic solutions of aniline, dimethyl aniline and nitrobenzene can release only 5% of the input counts from 14C-labelled S, aureus. So according to the permeability theory these solvents should leave S. aureus Gram-positive.
But contrary results have been reported by BASU et al. (4) . It has been shown that these solvents can extract 80-90% of the colour from Gram-stained S. aureus. Solvents like benzene toluene and xylol can also extract colour though incompletely.
No obvious relation between the solubility of CVI2 in the solvents and their ability to decolorize Gram-stained S. aureus has been observed. If permeability was the only factor, these solvents should have been ineffective.
It has already been reported that only 2.5% of the dye adsorbed by S. aureus is retained after ) and is bound by electrostatic force to the cell components and can be represented in Fig.  2a . This electrostatic bond is stable towards water-wash, but does not stand wash by alcohols, dimethyl formamide, urea etc. On treatment of this complex 2a with iodine the latter forms donor-acceptor type of complexes with the bound dye. Since formation of this complex involves 'r-electron of the dye, this becomes possible with the free as well as bound dye. This is represented by Fig. 2b . The stability of this complex 2b is dependent on the compactness of the bound dyes and on the environment and determines the Gram-character of the cell. When 2b is treated with thiosulphate or dimethyl aniline, aniline, nitrobenzene etc. which form chargetransfer complexes with iodine (MULLIKEN (14), CHANDRA and MUKHERJEE (9)) it will be deprived of iodine, at least partially, and be converted to 2a; hence the dye will be washable by ethanol. PEARSE (15) proposes that iodine reacts with the crystal violet in the cell after dissociation of the dye from the cell component. We feel that this is unnecessary since iodine can react with the free dye as well as with the bound dye. The stability of such donor-acceptor compounds with a common acceptor, e.g. iodine, will vary with the ionization potentials of the electron donors. Under suitable conditions, depending upon the ionization potentials of the competitors and their relative concentrations the dye may be deprived of its iodine at least partially.
It is expected, therefore, that solvents having lower ionization potentials will be more effective in breaking the CVI2 complex. The ionization potentials of ethanol and toluene are 10.7 and 8.92 e.v. respectively of which toluene will be expected to be more efficient in depriving CVI2 of its iodine and this has been found to be the case. Partial removal of iodine from the complex of the type shown in Fig. 2b render the colour washable.
In fact, if the dye ions in the cells are too far apart or if due to unfavourable environment iodine cannot form complex with the bound dye ions, there will exist broken links between the bound dye ions through iodine molecules. This will decrease the stability of the complex towards ethanol washing.
Probably a situation like this exists in the Gram-negative cells due to high lipid content in the walls. An evidence in support of the present model has been adduced from the data presented in the Table 3 . It is expected according to the model proposed that the extent of formation of dye-iodine-cell complex should determine the gradations in the retention.
If the iodine is much less than what is required for complete saturation of cell component-dye-iodine complex (Fig. 2b) resulting in broken links, the retention will also proportionately be low or, in other words, the extractibility of the retained dye by 95% ethanol after pretreatment with thiosulphate is progressively inhibited by addition of increasing amounts of iodine. This is what has exactly been observed (Table 3) .
The model presented here does not explain apparently why isolated cell wall does not retain dye. However, this report itself is contradictory (BAR-THOLOMEW et al. (2)). The exact site of Gram reaction is not well defined. If the site of reaction is the murein layer in the cell wall (ROGERS and PERKINS, (16)) then it is reasonably expected that a change in the cell wall, either by micro-surgery or enzymes, may initiate in part a broken link in the cell-dye-iodine complex which is responsible for the extraction of colour from S. aureus or other Gram-positive bacteria. 
